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a b s t r a c t
Multicellular development has evolved independently on numerous occasions and there is great interest
in the developmental mechanisms utilized by each of the divergent lineages. Fucoid algae, in the
stramenopile lineage (distinct from metazoans, fungi and green plants) have long been used as a model
for early development based on unique life cycle characteristics. The initially symmetric fucoid zygote
generates a developmental axis that determines not only the site of growth, but also the orientation of
the ﬁrst cell division, whose products have distinct developmental fates. Establishment and maintenance
of this growth axis is dependent on formation of a ﬁlamentous actin array that directs vesicular
movement, depositing new membrane and wall material for development of the rhizoid. What is not
well known, is how formation and placement of the actin array is regulated in fucoid algae. A candidate
for this function is Rac1, a small GTPase of the highly conserved Rho family, which has been implicated in
controlling the formation of actin arrays in diverse eukaryotes. We demonstrate that Rac1 is not only
present during formation of the ﬁlamentous actin array, but that its localization overlaps with the array
in polarizing zygotes. Pharmacologically inhibiting Rac1 activity was shown to impede formation and
maintenance of the actin array, and ultimately polar growth. Evidence is provided that a requirement of
Rac1 function is its ability to associate with membranes via a post-translationally added lipid tail. Taken
together, the data indicate that Rac1 is a necessary participant in establishment of the growth pole,
presumably by regulating the placement and formation of the actin array. A role for Rac1 and related
proteins in regulating actin is shared by animals, plants, fungi and with this work, brown algae, thus a
conserved mechanism for generating polarity is in operation in unique eukaryotic lineages.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The mechanisms regulating development have profound evolu-
tionary signiﬁcance given that complex multicellular development
has independently evolved numerous times. The extent to which
different lineages use the same basic mechanisms or have employed
unique strategies to drive their muticellularity is less clear. Devel-
opment, being a coordinated process of cell division and differen-
tiation, results in forming tissues and organs that are arranged in
patterns that facilitate speciﬁc functions and give a polarized,
consistent shape to the adult organism. The primary growth axis
of multicellular organisms often forms while still a single cell, either
through inherited maternal inﬂuence on an egg, or after fertilization
with external inﬂuences on the zygote. A classic example of mater-
nally inﬂuenced polarity is Drosophila melanogaster, in which
polarity determinants in the form of mRNAs and proteins like
bicoid and hunchback are selectively localized during oogenesis
(Huynh and Johnston, 2004). Alternatively, eggs of Caenorhabditis
elegans are symmetric when formed, and establishment of polarity
occurs with sperm entry, which marks the posterior portion of the
organism (Goldstein and Hird, 1996).
The fucoid algae, a family of brown algae comprising the genera
Fucus and Silvetia, have a strategy similar to C. elegans in that they
produce eggs in which polarity has yet to be established. Apolar
eggs are released from maternal tissues and begin to generate
polarity after external fertilization, one of several features that
have historically made the fucoid algae valuable models for the
study of polarity establishment from its inception (Kropf, 1992).
Sperm entry initially establishes polarity; yet in contrast to C.
elegans, the fucoid developmental axis is labile and is usually
re-oriented by environmental cues, like sunlight. Additionally,
thousands of gametes can be procured within a very short time,
thus a large population of synchronously developing zygotes can
be obtained in the lab, and their polarity is easily manipulated by
an artiﬁcial gradient of light. Moreover, because the developmen-
tal axis is labile for a period of several hours, experiments using a
pharmacological approach in combination with cell biological
techniques can elucidate the roles of speciﬁc proteins during
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polarity establishment. In spite of these tools, there is presently a
greater understanding of the mechanisms regulating polarized
growth in the plants, animals and fungi due to an enormous
amount of prior work using those models; however, recent
insights using the fucoid model are beginning to reveal the
signaling requirements of cell polarization in the stramenopile
lineage (Bisgrove, 2007; Hable and Hart, 2010).
In zygotes of Silvetia compressa, it is well documented that
polarity establishment is dependent on a dynamic actin cytoskeleton
(Quatrano, 1973; Hable and Kropf, 1998; Bisgrove and Kropf, 2001;
Hable et al., 2003), and our interest is in how the actin cytoskeleton is
regulated. In nature, sperm and eggs are released in calm tide pools
and undergo rapid fertilization (Serrao et al., 1996). Within the cortex
of an unfertilized egg are short, uniformly distributed strands of
ﬁlamentous actin (F-actin) (Kropf et al., 1989). The ﬁrst detectable
break in symmetry, seen as early as 30 min after fertilization (AF), is
the formation of a small patch of F-actin in the zygote cortex at the
site of sperm entry, marking the rhizoid pole of a default growth axis
(Hable and Kropf, 2000). The rhizoid pole is the site from which
growth occurs several hours later.
Prior to rhizoid growth, within about 3 h of fertilization,
zygotes adhere to the rocky substratum due to the uniform
secretion of adhesive mucilage (Hable and Kropf, 1998), composed
of phenolic compounds cross-linked to carbohydrate ﬁbers
(Vreeland et al., 1998). Once immobilized, the zygote assesses
environmental cues and abandons the weak, sperm induced axis
to form a new growth axis (Alessa and Kropf, 1999; Hable and
Kropf, 2000) based primarily on unidirectional light of blue
wavelengths (Jaffe, 1968). In the natural environment sunlight is
likely the strongest cue that directs placement of this axis,
however other cues have been identiﬁed, including gradients of
chemicals, ions and temperature (Weisenseel, 1979) as well as
unidentiﬁed inﬂuences from a near neighbor and bioluminescence
from nearby algal thalli (Jaffe, 2005). In response to light, the
sperm induced F-actin patch depolymerizes and a new F-actin
patch forms at the shaded hemisphere, directing the position of
rhizoid outgrowth (Alessa and Kropf, 1999; Hable et al., 2003).
At about 12 h AF, germination of the rhizoid begins, ﬁrst
noticed as a bulge in the shaded hemisphere of light-polarized
zygotes that gives the zygote a pear shape. The rhizoid continues
to develop by a process of tip growth that greatly extends its
length relative to its width (Kropf, 1992), similar to that seen in
root hairs and pollen tubes of plants (Cole and Fowler, 2006).
Concurrent with fucoid rhizoid development is a reorganization of
the F-actin patch into a cone-shaped array that spans from the
nucleus to the sub-apical region of the rhizoid tip (Alessa and
Kropf, 1999; Pu et al., 2000). The leading edge of this F-actin cone
is maintained to the sub-apex of the developing rhizoid, with the
primary function perhaps being to restrict delivery of vesicles to
the rhizoid tip.
Not only are speciﬁc actin arrays associated with the rhizoid
pole and tip, pharmacological studies either depolymerizing or
stabilizing F-actin have shown that dynamic actin arrays are
required for polarization (Quatrano, 1973; Hable and Kropf, 1998;
Bisgrove and Kropf, 2001; Hable et al., 2003). Yet, little is known of
how these actin arrays are regulated. There are several factors
capable of nucleating actin arrays and Arp2, a subunit of the actin-
nucleating Arp2/3 complex, has been identiﬁed in S. compressa.
Additionally, colocalization of Arp2 with the F-actin patch and
F-actin cone suggests the Arp2/3 complex has a role in nucleating
these structures as it does in other eukaryotes (Hable and Kropf,
2005). The Arp2/3 complex, in turn, may be indirectly activated by
the small GTPase, Rac1. Small GTPases of the Rho family (Rho, Rac
and CDC42 in metazoans and fungi, and Rho of plants (ROPs))
stimulate actin polymerization by directly activating WASp/SCAR
family proteins that themselves activate the Arp2/3 complex
(Ridley, 2006). Within the brown algae, Rac1, but not Cdc42 or
Rho, has been identiﬁed in the fully sequenced genome of
Ectocarpus siliculosus (Cock et al., 2010) and Rac1 has been cloned
from Fucus distichus (Fowler et al., 2004). Furthermore, the Rac1
pharmacological inhibitor NSC23766 (NSC) disrupts developmen-
tal events in S. compressa that are dependent on a dynamic actin
cytoskeleton, and alters localization of F-actin and Arp2 within the
rhizoid (Hable et al., 2008). This evidence suggests that Rac1 may
regulate the actin cytoskeleton during fucoid algal development.
Here, we have examined the expression of Rac1 protein in
S. compressa, showing that spatial and temporal expression of this
protein supports a role in regulating actin during formation of the
growth axis. Additionally, we show that Rac1 activity and mem-
brane localization are required for the formation and maintenance
of actin arrays, and for actin dependent processes, including
rhizoid formation.
Materials and methods
For all experiments, a minimum of three replicates were
carried out. In all cases the same trend was observed for each
replicate. Figures show one replicate, a representative result for
each experiment.
Algal cultures
Sexually mature Silvetia compressa receptacles were collected
north of Santa Cruz, CA and were shipped overnight on ice. Upon
delivery, they were blotted dry with paper towels and stored at
4 1C in darkness for up to 4 weeks. Receptacles were potentiated
for gamete release by placing them in artiﬁcial seawater (ASW:
0.45 M NaCl, 10 mM KCl, 9 mM CaCl2 2H2O, 30 mM MgCl2 6H2O,
16 mM MgSO4, 10 mM Tris base, 40 μg/ml chloramphenicol, buf-
fered to pH 8.2 with HCl), under a full spectrumwhite light bank at
16 1C for between 6 h to overnight. After washing receptacles three
times with ASW, gamete shedding was induced by placing them in
darkness. Fertilization time was determined by taking the mid-
point between the time receptacles were placed into darkness and
the time zygotes were harvested. Since release of gametes
required about 1 h, fertilization time was usually 30 min after
placement in darkness also at 16 1C.
The zygotes were then washed three times by allowing them to
settle to the bottom of a beaker, after which most of the ASW was
removed with a pipette and replaced with fresh ASW. The zygotes
were then plated onto Petri dishes typically containing coverslips
secured to the bottom with modeling clay. All subsequent incuba-
tions occurred at 16 1C.
Production of polyclonal Rac1 antibody
The Rac1 antibody was produced by Covance Inc, Denver, PA.
A Rac1-speciﬁc peptide was derived from a well-conserved 22
amino acid segment present in Rac1 from Fucus distichus (Fowler
et al., 2004) and Ectocarpus siliculosus (Ectocarpus genome
consortium; Cock et al., 2010). The peptide sequence (CILVGTKLDL-
RDDQDAIKRLAER, which includes an added N-terminal cysteine)
was synthesized and injected into two New Zealand White rabbits.
Periodic assessments of antibody development in crude sera
were made by western blot analysis of protein extracted from
S. compressa. From the total serum of the rabbit that exhibited the
best immune response, antibodies were afﬁnity puriﬁed using a
column to which the antigen (the 22 amino acid peptide) was
immobilized.
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GST-FdRac1 and GST-FdRab8 protein expression
Escherichia coli containing pGEX4T2 plasmids with full-length
cDNA sequences of FdRac1 and FdRab8 fused to GST were kindly
donated by John Fowler. Sub-cultures from individual colonies
were grown overnight in 2 ml LB broth containing carbenicillin
(50 mg/ml), with induction and puriﬁcation of fusion proteins
performed as described (Fowler et al., 2004).
Protein extraction
For analysis of S. compressa protein, zygotes were grown in
Petri dishes until the desired developmental stage. ASW was
drained off and zygotes were loosened with a soft plastic spatula.
The zygotes were transferred into 1.6 ml microcentrifuge tubes
(pre-chilled on ice) using a pipettor with a large bore tip. The
zygotes were gently centrifuged (3000 rpm15 s) at 4 1C to
separate out excess ASW, which was then siphoned off with a
pipettor. The concentrated zygotes were then ﬂash frozen in liquid
nitrogen and stored at 80 1C.
Ice-cold extraction buffer (25 mM MOPS, 15 mM EGTA, 15 mM
MgCl2, 2 mM DTT, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 10 μg/
ml soy trypsin inhibitor, 100 μM benzamidine, 0.5% polyvinyl
pyrolidone (PVP-10), 0.5% NP-40, 0.1 mM PMSF) was added to
frozen zygotes (200 μl extraction buffer per 50 mg tissue). Imme-
diately zygotes were ground using a pestle attached to an electric
drill, brieﬂy vortexed and then placed on ice. Zygotes were
vortexed for 5 s, quickly returning the tube to ice. This step was
repeated ﬁve times, after which they were centrifuged at 10,000g
(9 K RPM in microfuge) at 4 1C for 5 min to pellet cell debris. A
small amount of the supernatant (25 μl), containing the soluble
protein, was set aside at 20 1C for protein concentration deter-
mination using the BCA Protein Assay Kit-Reducing Agent Compa-
tible (Pierce, Rockford, Ill). The remaining supernatant was then
transferred to a clean microcentrifuge tube to which an equal
volume of sample buffer (0.125 M Tris–HCl, pH 6.8; 20% v/v
glycerol; 4% w/v SDS; 0.01% w/v bromophenol blue; 10% β-
mercaptoethanol) was added, vortexed, and then placed in heat
block set at 95 1C for 5 min to denature the protein. The denatured
protein was then stored at 20 1C.
SDS-PAGE, western blotting
SDS-PAGE was performed utilizing the Bio-Rad Mini-Protean
system, according to the manufacturer's instructions (Bio-Rad
Laboratories, Benicia, CA). Solutions used to cast polyacrylamide
gels were based on Shi and Jackowski (1998), including the
resolving gel (10–15% polyacrylamide; 0.375 M Tris–Cl, pH 8.8;
0.01% w/v SDS; 0.01% w/v APS and 0.05% v/v TEMED), the stacking
gel (4% polyacrylamide; 0.125 M Tris–Cl, pH 6.8; 0.01% w/v SDS;
0.01% w/v APS and 0.05% v/v TEMED) and running buffer (25 mM
Tris base, 192 mM glycine, 0.1% w/v SDS, pH 8.3). Protein samples
were heated to 95 1C for 5 min and equal concentrations were
loaded, conﬁrmed with Bio-Safe Coomassie (Bio-Rad Laboratories,
Benicia, CA) staining of the gel. Prestained standards were used for
the coomassie gels, unstained standards were used for the western
blotting gels, and Kaleidoscope Precision Plus protein standards
(Bio-Rad Laboratories, Benicia, CA), were used for both. Protein
transfer was performed according to manufacturers instruction,
membranes were blocked using 5% w/v non-fat dry milk, and
probed with anti-Rac1 polyclonal antibodies diluted 1:1000,
followed by GAR-HRP (goat anti-rabbit secondary antibodies
conjugated to horseradish peroxidase) (Invitrogen, Eugene, OR)
diluted 1:1000 and Streptactin-HRP (Bio-Rad Laboratories, Benicia,
CA) diluted 1:1500. For protein detection, the Immun Star HRP
chemiluminescence kit (Bio-Rad Laboratories, Benicia, CA) was
used as per instructions, with imaging performed on a Bio-Rad Gel
Doc imaging system (Bio-Rad Laboratories, Benicia, CA).
Inhibitor treatments
NSC23766 (Calbiochem, EMD Chemicals, San Diego, CA, USA)
was used in concentrations of 50–200 μM in ASW, dilutions of
which were made from a 100 mM stock solution dissolved in
dH2O. Manumycin A (A. G. Scientiﬁc, San Diego CA) was used in
concentrations of 5–20 μM in ASW, dilutions of which were made
from a 10 mM stock solution dissolved in DMSO.
Immunolocalization of Rac1
Immunolabeling of Rac1 was performed using a protocol
originally adapted for labeling actin and Arp2 (Hable and Kropf,
2005), using Rac1 antibody diluted 1:50 in mPBS and secondary
antibody (Alexa Fluor488 goat anti-rabbit IgG (HþL), Invitrogen,
Eugene, OR) diluted 1:200.
Actin labeling
Filamentous actin was labeled with rhodamine phalloidin by
adapting two protocols (Hable and Kropf, 2000; Lovy-Wheeler
et al., 2005). Coverslips with attached zygotes were rapidly frozen
by a brief immersion into liquid nitrogen (1 s) and thawed in a
microtubule ﬁxation buffer (MTvar) modiﬁed to preserve cortical
actin structures (MTvar: 50 mM PIPES, 0.5 mM CaCl2, 5 mM
MgSO4, 4% w/v NaCl, 25 mM KCl, 2.5% w/v PVP-10, 0.1% v/v Triton
X-100, to pH 9.0 with NaOH, 1 mM DTT, 4% paraformaldehyde
(from 32% stock solution), 250 μM MBS, 5 mM EGS). After 1 h,
zygotes were rinsed three times, for 5 min each in MT buffer
(50 mM PIPES, 5 mM EGTA, 5 mM MgSO4, 4% w/v NaCl, 25 mM
KCl, 2.5% w/v PVP-10, 0.1% v/v Triton X-100, to pH 7.4 with NaOH).
Zygotes were then rinsed once for 15 min in Solution C (100 mM
NaCl, 20 mM MgCl2, 2 mM KCl, 0.2% BSA, 10 mM MES monohy-
drate, 0.85 M sorbitol, 1 mM EGTA. pH to 5.8 with Tris base),
followed by two 30-min incubations in Solution C with cell wall
digestion enzymes (7 mg/ml cellulase (CELF, Worthington Bio-
chemical, Lakewood, NJ), 40 mg/ml hemicellulase (Sigma-Aldrich,
St. Louis, MO)). After three, 5-min rinses in MT/PBS (equal parts
MT buffer and PBS buffer), zygotes were incubated overnight in
MT/PBS buffer. The following day, zygotes were incubated over-
night in MT/PBS buffer containing 1.32 μM rhodamine phalloidin
(Invitrogen, Eugene, OR) followed by three 10-min washes in
mPBS (137 mM NaCl, 2.7 mM KCl, 1.7 mM KH2PO4, 8 mM Na2HPO4,
5% glycerol, 0.1% Na azide, 0.1% BSA). Coverslips were then
mounted in mPBS, sealed with nail polish, and imaged.
Double labeling of actin and Rac1
The same protocol adapted from Hable and Kropf (2000) and
Lovy-Wheeler et al. (2005) was used to label ﬁlamentous actin and
Rac1 with the following changes. After ﬁxation and cell wall
digestion, zygotes were incubated overnight in MT/PBS buffer
containing anti-Rac1 polyclonal antibody diluted 1:50, followed
by three 5-min washes in MT/PBS buffer. Zygotes were then
incubated in MT/PBS buffer containing secondary antibody (Alexa
Fluor488 goat anti-rabbit IgG (HþL), Invitrogen, Eugene OR)
diluted 1:200 and 1.32 μM rhodamine phalloidin. The following
day, zygotes were given three 5-min rinses in mPBS and were
mounted in either mPBS or SlowFade Gold (Invitrogen, Eugene,
OR), with ﬂuorescence imaging performed.
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Fluorescence microscopy
Fluorescence images were obtained using an Olympus IX51
epiﬂuorescent microscope. Rhodamine phalloidin and FM-4-64
were imaged using an excitation wavelength of 540 nm, a dichroic
ﬁlter reﬂecting 565 nm and above and an emission wavelength of
605760 nm (Chroma Technologies, Brattleboro, VT). To visualize
Alexa Fluor488 and microspheres (Polysciences, Warrington, PA)
we used an excitation wavelength of 480 nm, a dichroic ﬁlter
reﬂecting 505 nm and above and an emission wavelength of
535740 nm (Chroma Technologies, Brattleboro, VT).
Labeling of adhesive and endomembranes
Labeling of adhesive and endomembranes was performed as
described previously (Hable et al., 2008).
Photopolarization
Zygotes were cultured in ASW on coverslips in unidirectional
light (L1) beginning at 1 AF. At 6 h AF ASW was exchanged for ASW
containing either manumycin A (0–20 μM) or NSC (0–200 μM),
zygotes were placed into darkness. At 8 h AF zygotes were returned
to unidirectional light (L2), oriented 1801 from the ﬁrst photoperiod.
At 12 h AF inhibitors were removed by rinsing three times for 5 min
with fresh ASW, and zygotes were then placed into darkness to
continue development. At 24 h AF the zygotes were evaluated for
the quadrant in which rhizoid development occurred. A rhizoid
could have grown in the quadrant opposite from L1, or opposite
from L2, or in either quadrant perpendicular to the light sources.
Germination
Zygotes were cultured in ASW on coverslips in unidirectional
light from 1 to 6 h AF, at which time ASW was exchanged with
ASW containing manumycin A (0–20 μM). Any degree of rhizoid
outgrowth at 25 h AF was recorded as germinated.
Tip growth
Zygotes were cultured in ASW in unidirectional light for 24 h, at
which time they were imaged and embryo lengths were measured.
ASW was then exchanged with ASW containing 0–20 μM manu-
mycin A, and zygotes were returned to unidirectional light in their
original orientation. At 48 h AF and again at 72 h AF the same
zygotes were imaged and their lengths recorded, with average
growth rates determined.
Results
Rac1 protein is expressed throughout the ﬁrst cell cycle
To assess Rac1 protein expression, a peptide antibody was
developed. Ectocarpus siliculosus (in the same division and class) is
the closest species to Silvetia compressa for which a full genome is
available (Ectocarpus Genome Project, 2007). Additionally, Rac1
has been cloned and sequenced from Fucus distichus (FdRac1;
Fowler et al., 2004). Because the S. compressa sequence was not
available, Rac1 sequences from E. siliculosus and F. distichus were
compared and a consensus that was also unique to Rac1 (not
present in other small GTPases) was chosen as an antigen (see
Materials and methods) (Fig. 1). The afﬁnity puriﬁed Rac1 antibody
detected GST-FdRac1, a protein fusion of FdRac1, but not GST-
FdRab8, a protein fusion of a closely related small GTPase of the
Ras superfamily (Fig. 1A). Additionally, the pre-immune serum
detected neither of the fusion proteins.
The Rac1 antibody, used in western blot analysis of S. compressa
protein, detected a single major band of 20 kDa (Fig. 1B), which is
the predicted size of most Rho proteins (Boureux et al., 2007), and
very similar in size to FdRac1, demonstrated to be around 22 kDa
(Fowler et al., 2004). The preimmune sera did not detect any
proteins at or around 20 kDa.
Rac1 expression during the ﬁrst cell cycle was determined by
SDS-PAGE/western blot analysis of protein extracted from S.
compressa at 1, 5, 8, 12 and 24 h after fertilization (h AF).
Coomassie staining shows relatively equal loading of protein,
however the 8 h lane may be slightly under loaded. Western blots
reveal that the levels of Rac1 protein remain comparatively
constant from about 1 h AF through 24 h AF, the point at which
a majority of cells have divided (Fig. 1B).
Rac1 localizes to the rhizoid pole
If Rac1 is responsible for regulating actin arrays, it may be
selectively localized to regions of the cell where actin nucleation is
needed, or it may be distributed uniformly in the cell, but
selectively activated. To distinguish between these possibilities,
the progression of Rac1 localization during the ﬁrst cell cycle was
examined by immuno-ﬂuorescence microscopy. At 2 h AF (Fig. 2A)
most Rac1 was localized to the center of the cell, with lesser
amounts diffused throughout the cytosol. At 4 h AF (Fig. 2B) Rac1
was observed in the cell cortex, however the distribution was not
uniform and was not polarized to any particular region of the
cortex. By 8 h AF (Fig. 2C) Rac1 localization at the cortex had
Fig. 1. Analysis of Rac1 protein expression. (A) Speciﬁcity of the Rac1 peptide
antibody was tested against GST-FdRac1 (lanes marked 1) and GST-FdRab8 (lanes
marked 2) fusion proteins. PS indicates lanes loaded with protein standards. (B) The
expression proﬁle of Rac1 in Silvetia compressa was determined in protein
harvested from selected time points through the ﬁrst cell cycle. The hours after
fertilization are indicated at the top of each lane.
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Fig. 2. Rac1 localization through the ﬁrst cell cycle. Zygotes were grown in unidirectional light from the upper right corner, ﬁxed at 2 (A), 4 (B), 8 (C), 12 (D), 18 (E), and
24 (F) h AF, and labeled with the Rac1 antibody.
Fig. 3. Rac1 and F-actin dual labeling. Zygotes were cultured in unidirectional light from the upper right and ﬁxed at either 8 h AF (A and B) or 24 h AF (C and D). Rac1 was
labeled using the Rac1 antibody (A and C) and F-actin was labeled using rhodamine phalloidin (B and D). Intense signal around the nucleus (B) is autoﬂuorescence,
independent of rhodamine phalloidin labeling. Arrow indicates actin ﬁlaments meeting the plasma membrane.
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become restricted to the shaded hemisphere, with the relative
intensity increasing at 12 h AF (Fig. 2D). In zygotes that just started
germinating (12 h AF), the localization of Rac1 clearly correlated
with the site of germination. After germination, Rac1 formed what
appeared to be a collar in the medial portion of the rhizoid, leaving
the extreme tip or apex of the rhizoid free of Rac1 (Fig. 2E, F).
Rac1 and F-actin localizations overlap
The previous experiment revealed that by 8 h AF, Rac1 is localized
to the rhizoid pole in most zygotes (Fig. 2), reminiscent of actin
localization. To determine the spatial relationship between polarly
localized Rac1 and the actin patch or cone, zygotes at 8 h AF or 24 h
AF, were double labeled for Rac1 and ﬁlamentous actin using the Rac1
antibody and rhodamine phalloidin, respectively. The percent of
zygotes positively labeled for both Rac1 and F-actin at either time-
point was low (o1% ungerminated, o5% germinated), but in all
cases, localizations overlapped. In ungerminated zygotes, Rac1 was
localized to the cortical region of the shaded hemisphere (Fig. 3A).
In these same zygotes F-actin was found within the cortical zone
enveloped by Rac1, but covered a more restricted area than Rac1
(Fig. 3B note that intense labeling around the nucleus is autoﬂuores-
cence, independent of rhodamine phalloidin labeling). In germinated
zygotes, Rac1 formed a collar midway down the rhizoid at the cell
cortex (Fig. 3C) and F-actin formed a cone shaped structure that often
started near the nucleus and terminated at the subapical cell cortex in
the regionwhere Rac1 was found (Fig. 3D). It also appeared that some
actin ﬁlaments met the lateral plasma membrane within this region
(Fig. 3 arrow).
Inhibition of Rac1 function disrupts polarized actin polymerization
To test whether Rac1 activity is required for actin patch
formation, zygotes were chronically treated with NSC23766
(NSC), which inhibits Rac1 activation, from 1 h AF until 8 h AF.
Zygotes were ﬁxed and F-actin was labeled with rhodamine
phalloidin at 8 h AF. We typically found a pronounced F-actin
signal in the cortex of the rhizoid pole in more than 80% of
untreated zygotes (Fig. 4A and B), with the remaining zygotes
showing polar delocalized, delocalized or no actin (Fig. 4A, C and
D). In NSC treatment, as the concentration increased, the polarized
F-actin signal became less intense and appeared more delocalized
(Fig. 4C and D). As the graph (Fig. 4A) shows, the increased
delocalization of F-actin occurred in a dose dependent manner,
ﬁrst delocalizing within the shaded hemisphere (polar-delocalized),
and when the NSC concentration reached 200 μM, almost all
zygotes had F-actin that was completely delocalized.
The farnesyl transferase inhibitor manumycin A interferes with Rac1
localization
To determine whether Rac1 localization may be dependent on
a post-translationally added farnesyl tail, zygotes were chronically
treated with manumycin A, a farnyslyation inhibitor, starting at 8 h
AF. At 24 h AF they were chemically ﬁxed and immunoﬂuores-
cently labeled for Rac1. More than 80% of control-treated zygotes
revealed a polarized distribution of Rac1 (Fig. 5A), which was
typically arranged in a collar within the rhizoid (Fig. 5B). Manu-
mycin A induced Rac1 delocalization, with the frequency of
zygotes displaying delocalized Rac1 increasing in a dose depen-
dent, linear manner. In the presence of 5 μM manumycin A, 42.2%
of zygotes showed a polarized Rac1 distribution (Fig. 5C) and in
10 μM manumycin A that percent decreased to 7.6, the remainder
having little or no signal (Fig. 5D). In 20 μM manumycin A, only
2.9% of zygotes showed any Rac1 polarity (Fig. 5E). It was also
apparent that manumycin A inhibited rhizoid formation in a dose
dependent manner. This result will be addressed shortly, as the
effects of disrupting Rac1 membrane localization on Rac1 were
examined.
Fig. 4. Effect of NSC on polarization of actin arrays. Zygotes were treated with NSC from
1–8 h AF at which point F-actin was labeled with rhodamine phalloidin. (A) The
percentage of zygotes displaying a particular actin localization pattern in response to
increasing concentrations of NSC. Representative images of zygotes showing different
actin localization patterns: (B) polarized, (C) polar-delocalized, and (D) delocalized.
Arrow shows direction of light used to polarize zygotes. For each treatment n¼100. Chi-
square for 50 μM NSC treatment, χ2(3, n¼100)¼59.89, po0.0001.
Fig. 5. Effect of manumycin A on Rac1 localization. Zygotes were treated with
manumycin A beginning at 8 h AF, and then at 24 h AF were labeled with the Rac1
antibody. (A) The percentage of zygotes displaying polarized Rac1 localization in
response to increasing concentrations of manumycin A, n¼432. Representative
zygotes from each treatment: (B) DMSO control, (C) 5 μM manumycin A, (D) 10 μM
manumycin A, (E) 20 μMmanumycin A. Arrow indicates direction of light. Chi-square
for 5 μM manumycin A treatment, χ2(1, n¼102)¼109.30, po0.0001.
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Inhibition of Rac1 localization disrupts actin polymerization at the
rhizoid pole
Rac1 membrane localization may also be important for maintain-
ing actin polymerization at the rhizoid pole. To test this possibility,
zygotes were cultured in unidirectional light and chronically treated
with manumycin A starting at 8 h AF. At 24 h AF they were chemically
ﬁxed and F-actin was labeled with rhodamine phalloidin. More than
85% of the control-treated zygotes had well deﬁned F-actin structures
(Fig. 6A), typically seen from the nucleus to the sub-apex of the rhizoid
(Fig. 6B). Manumycin A severely hindered normal actin localization.
Although only 42% of zygotes in 5 μM manumycin A could still
polymerize an internal actin structure, the size and intensity of these
F-actin structures were greatly diminished (Fig. 6C). As the concentra-
tion of manumycin A increased, the percentage of zygotes with a
delocalized F-actin distribution increased in a dose dependent manner
(Fig. 6A); and when F-actin could be seen, the intensity of these arrays
diminished as manumycin A concentration increased (Fig. 6D and E).
Inhibition of Rac1 localization disrupts developmental events
dependent on polarized actin ﬁlaments
With evidence that manumycin A disrupts Rac1 localization and
prevents actin polymerization, we next examined how manumycin
A affects actin dependent developmental events that have also been
determined to be dependent on Rac1 activation. Hable et al. (2008),
using NSC to block Rac1 function, demonstrated that Rac1 activity
was required for endomembrane polarization, polarized adhesive
secretion, germination and tip growth. It is therefore predicted that
using manumycin A to interfere with Rac1 localization will affect
these events in manner similar to that seen with NSC treatment.
Endomembrane activity was examined by treating light-polarized
zygotes with 0, 5, 10, 15 or 20 μM manumycin A at either 1 h AF or
4 h AF. The ability of zygotes to polarize endomembranes was then
determined at 8 h AF using ﬂuorescence microscopy. Polarized
endomembranes were found in 67% of control-treated zygotes
(Fig. 7A). The effect of manumycin A was more dramatic when
treatment began earlier. Zygotes treated with 5 μM beginning at 1 h
AF showed a moderate reduction in polarized endomembranes
(56.4%) and in 10 μM less than 2% had polarized endomembranes,
with similar results in higher manumycin A concentrations. When
zygotes were treated at 4 h AF, 60.4% of zygotes in manumycin A
revealed endomembrane polarization, while 27% and just under 3%
showed polarized endomembranes in 10 and 15 μM respectively.
A manumycin A concentration of 20 μM, regardless of when the
inhibitor was added, severely disrupted the process, with no cells
able to polarize their endomembranes.
The importance of Rac1 localization on adhesive secretion was also
evaluated at 8 h AF, following 7 h of treatment with manumycin A.
Three different patterns of adhesive secretion were observed: thick
polar, thin and none. More than 92% of control-treated zygotes had a
thick, polar adhesive pattern, while the remainder had no (5.8%) or
just a thin (1.9%) layer of adhesive (Fig. 7B). While manumycin A
treatment had only a slight effect on producing zygotes with a thin
adhesive pattern, the clear trend was a transition from thick polar, to
no adhesive as concentrations of manumycin A increased. In 10 μM
manumycin A, the quantity of zygotes displaying a thick polar
adhesive pattern was reduced to zero, with almost all of the zygotes
having secreted no adhesive at all.
The results reported earlier in this study, showing the effects of
manumycin A on Rac1 (Fig. 5) and actin (Fig. 6) localization,
suggested that Rac1 membrane localization was important for
germination. To test whether Rac1 membrane localization is
important for germination, zygotes were exposed to manumycin
A prior to germination and their ability to germinate was assayed.
By 25 h AF, almost all control zygotes had germinated, however
manumycin A reduced the ability of zygotes to germinate in a dose
dependent manner with less than 1% germinating in 20 μM
manumycin A (Fig. 7C). Lower doses of manumycin permitted
germination, but rhizoids were shorter than in controls (Fig. 7,
insets 5 and 6).
Early development in the fucoid algae is dominated by growth of
the rhizoid, an actin-dependent process that lengthens the struc-
ture by delivering vesicles containing membrane material to the
rhizoid tip (Kropf, 1992). To examine the importance of Rac1
membrane localization to this process of tip growth, zygotes were
treated with manumycin A after germination had commenced, and
the rate of growth in the presence of manumycin Awas determined.
Growth in control zygotes averaged just over 1.5 μm/h over the
entire 48-h measured period. Manumycin A treatment signiﬁcantly
reduced growth in a dose dependent manner, diminishing growth
to almost nothing in a concentration of 20 μM (Fig. 7D).
Photopolarization is inhibited when Rac1 localization, but not
activity, is disrupted
Photopolarization is the ability of a zygote to select a growth axis
in response to a light gradient, with light direction determining
spatial orientation of the growth axis. Given the possible complexity
associated with the signaling pathway regulating placement of a
growth axis, we compared the importance of Rac1 membrane
localization versus Rac1 activation during the reorientation of this
axis by using inhibitors speciﬁc to each process during the photo-
period (Fig. 8A).
In controls, more than 94% of zygotes were able to reorient
their initial, L1 induced growth axis, to form a new growth axis in
response to L2 (Fig. 8B). Inhibiting Rac1 function with NSC did not
signiﬁcantly reduce this response, as even 89% of zygotes treated
with 100 μM NSC were able to form a rhizoid in response to L2. In
contrast, manumycin A reduced the ability of zygotes to photo-
polarize in response to a new light cue, with only 52% of zygotes
Fig. 6. Effect of manumycin A on actin cone formation. Zygotes were treated with
manumycin A beginning at 8 h AF, and then at 24 h AF were labeled for
polymerized actin with rhodamine phalloidin. (A) The percentage of zygotes
displaying a cone shaped F-actin structure in response to increasing concentrations
of manumycin A, n¼416. Representative zygotes from each treatment: (B) ASW
control, (C) 5 μMmanumycin A, (D) 10 μMmanumycin A, (E) 20 μMmanumycin A.
Chi-square for 5 μM manumycin A treatment, χ2(1, n¼104)¼202.89, po0.0001.
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able to form a rhizoid in the quadrant opposite L2 when exposed
to 10 μM manumycin.
Discussion
The actin cytoskeleton is a signiﬁcant contributor to cell
polarization in the eukaryotic domain. Within the fucoid algae,
formation of the primary growth axis is established during the
ﬁrst cell cycle, exhibited as the transition from an apolar, radially
symmetric egg to a highly polar, tear drop-shaped zygote. This
process is dependent on F-actin arrays (Alessa and Kropf, 1999)
nucleated by the Arp2/3 complex (Hable and Kropf, 2005), how-
ever little else is known of the signaling pathway regulating actin.
Here we show that the Rho family GTPase Rac1 is involved in early
localization and maintenance of F-actin arrays and that Rac1 also
appears to be involved in generating polarity in S. compressa.
Our data supports a model whereby sunlight excites a photo-
receptor at the cell surface, leading to the asymmetric stimulation
of a signaling pathway within which Rac1 is activated in the
shaded hemisphere (Fig. 9). Once activated, Rac1 interacts with
downstream effector molecules, perhaps a Scar/WAVE complex,
given that at least two members of this complex have been
identiﬁed in the E. siliculosus genome (Cock et al., 2010). Scar/WAVE
then activates the Arp2/3 complex, which nucleates polymerization
of actin structures required for development of the rhizoid. Forma-
tion of this growth axis is also important in that it orients the ﬁrst
Fig. 7. Effect of manumycin A on actin dependent developmental events. (A) Zygotes were treated from 1–8 or 4–8 h AF, after which membranes were labeled with FM4-64.
Graph shows percent with polarized endomembranes and inset 1 depicts a zygote with a non-polar endomembrane distribution next to a zygote with a polar
endomembrane distribution (white arrow points to polarized endomembranes). Chi-square for each treatment: manumycin A treatment for 7 h (n¼560): 5 μM, χ2(1,
n¼117)¼5.88, 0.024p40.01; 10 μM, χ2(1, n¼112)¼212.08, po0.0001; manumycin A treatment for 4 h (n¼578): 5 μM, χ2(1, n¼139)¼2.67, p40.05; 10 uM, χ2(1,
n¼111)¼80.03, po0.0001. (B) Zygotes treated from 1–8 h AF, were labeled for adhesive with microbeads. Graph shows the percent of zygotes with one of three adhesive
secretion patterns observed, with a representation of each shown in insets: 2 – thick polar, 3 – thin and 4 – no adhesive. Black arrows point to adhesive layer. Chi-square for
10 μMmanumycin A treatment, χ2(2, n¼134)¼2567.39, po0.0001. (C) Zygotes were treated from 8 AF, with graph depicting the percentage of zygotes able to germinate at
25 h AF. Inset 5 shows typical rhizoid of control zygote compared to inset 6, which shows typical rhizoid of zygote treated with 5 μM manumycin A. Chi-square for 5 μM
manumycin A treatment, χ2(1, n¼562)¼841.72, po0.0001. (D) Zygotes were treated beginning at 24 h AF, and tip growth was determined by measuring the lengths of the
same, randomly selected individuals at 24 and 72 h, n¼16 for each concentration. Error bars indicate one standard deviation. Growth rates were different in 10 and 20 μM as
compared to control and 5 μM (po0.001, ANOVA).
Fig. 8. Effects of inhibiting Rac1 membrane localization versus inhibiting Rac1 activa-
tion on photopolarization. (A) Zygotes were exposed to unidirectional light (L1) while an
initial growth axis was established. They were then treated with NSC or manumycin A
and re-oriented 1801 from the initial light source (L2). After the drugs were washed out,
rhizoid development commenced in darkness. (B) Percent of zygotes germinating in
each quadrant was determined. For example, treatment with ASW resulted in 97% of
zygotes germinating on the shaded quadrant of L2. Chi-square performed for each
treatment, 50 μM NSC, χ2(1, n¼102)¼65.45, po0.0001; 100 μM NSC, χ2(1, n¼121)¼
3.37, p40.05, 5 μMmanumycin A, χ2(1, n¼121)¼73.52, po0.0001; 10 μMmanumycin
A, χ2(1, n¼102)¼358.68, po0.0001.
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cell division, which is perpendicular to rhizoid development (Kropf
et al., 1990).
To determine what role Rac1 has in this model, we ﬁrst
established that Rac1 is indeed present in S. compressa and that
temporal and spatial expression of the protein is consistent with a
role in regulating actin polymerization during axis formation. Due
to the culturing process, the earliest point that protein can be
harvested is about 1 h AF, and determining Rac1 levels at this
point would likely give an indication of the presence of maternally
expressed protein. Time points were selected corresponding to
changes in actin cytoskeleton arrays, which Rac1 is predicted to
regulate. The light induced F-actin patch is typically ﬁrst seen at
4 h AF and is well established in almost all zygotes by 8 h AF.
Additionally, at approximately 12 h, zygotes begin to germinate
and morphology of the actin cytoskeleton changes from a corti-
cally localized patch to a cone shaped structure that lengthens
during rhizoid development, and is maintained beyond the ﬁrst
cell division at about 24 h. Western blot analysis showed that Rac1
protein is evenly expressed throughout the ﬁrst cell cycle, when
actin remodeling occurs, and is present at least as soon as 1 h AF,
the earliest time point from which protein could be collected. This
result differs modestly from expression in F. distichus, in which
Rac1 was barely expressed at 2 h AF, and peaked at 9 h AF (Fowler
at al. 2004). Additionally in F. distichus, Rac1 localization was not
observed until the onset of germination, a bit later than in S.
compressa; however once germinated the Rac1 localization pat-
terns were similar (Fowler et al., 2004). Despite these two species
being closely related with similar patterns of development, this
difference in Rac1 expression promotes speculation that these
species may have different temporal requirements of Rac1 func-
tion, especially given that development in F. distichus is slower by
comparison to that in S. compressa (Hable and Kropf, 1998).
In S. compressa, a sperm-induced F-actin patch is seen as early
as 30 min AF (Hable and Kropf, 2000), and Arp2 localization within
this structure implies that polymerization of this early actin patch
is regulated by the Arp2/3 complex (Hable and Kropf, 2005).
Whether Rac1 has any involvement in regulating actin at this
time point is not clear as attempts to double-label Rac1 and the
sperm pronucleus in newly fertilized zygotes were unsuccessful.
The simplest interpretation is that Rac1 plays no role in nucleating
the sperm-induced F-actin patch. However, the absence of Rac1
signal could be an artifact deriving from a general difﬁculty in
preserving structures in extremely young zygotes (Hable and
Kropf, 2000). Indeed the western blotting data indicates Rac1
protein is present at least by 1 h AF and perhaps earlier.
Following formation of the sperm-induced default growth axis,
the zygote assesses the environment for polarizing spatial cues,
such as a light gradient. At this time, Rac1 is distributed diffusely
and intermittently at the cortex, where it could be selectively
activated in response to these cues, leading to formation of a new
actin patch as early as 4 h AF (Alessa and Kropf, 1999). Time is a
critical factor in establishing a growth axis, preventing the zygote
from being washed away with the tides. An initially diffuse
distribution of Rac1 would permit axis selection at any site,
expediting this process. It is likely that only after this initial
selection has occurred is Rac1 then selectively localized, as the
zygote becomes increasingly committed to a particular growth
site. Actin ﬁlaments localized at the newly selected rhizoid pole
are critical for certain developmental events including polar
adhesive secretion (Hable and Kropf, 1998), polarization of endo-
membranes (Hadley et al., 2006), and ultimately polarized growth
(Quatrano, 1973).
Despite the limited success with double labeling, our work did
show a correlation with F-actin and Rac1 localization, but more
importantly inhibiting Rac1 activity impeded actin localization,
preventing polarized actin polymerization, even in young zygotes
during axis formation. Moreover, Rac1 has a role in regulating
these same actin dependent developmental events and polymer-
ization of actin arrays in rhizoids that had previously germinated
(Hable et al., 2008).
Prenylation contributes to signaling in multiple families of the
Ras superfamily of GTPases, serving to localize these proteins to
the cytoplasmic leaﬂet of various membranous organelles, playing a
part in the regulation of important cellular functions such as growth,
proliferation, cell movement and protein trafﬁcking (Seabra, 1998).





Arp 2/3 complex 
Endomembranes/vesicles 
Fig. 9. Model for Rac1 signaling in S. compressa. In young zygotes (A), Rac1 is localized throughout the plasma membrane, and the zygote is secured to the substratum by a
thin layer of uniformly secreted adhesive, indicated by a clear area around the zygote (arrowhead). At this point, the zygote perceives a light cue from any direction (indicated
by arrow), which initiates a signaling cascade that activates Rac1 at the shaded (rhizoid) pole. Rac1 then signals recruitment and activation of the Arp2/3 complex, resulting
in nucleation of actin ﬁlaments. In preparation for rhizoid growth (B), Rac1 becomes enriched at the rhizoid pole where its activation maintains the F-actin patch, directing
endomembrane/vesicle activity and increased adhesive secretion to the rhizoid pole. During germination (C), Rac1 localizes to the sides of the developing rhizoid, nucleating
a cone-shaped array of F-actin, which directs vesicles to the growing tip (view is of a medial section).
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C-terminal CVIS domain (F. distichus (Fowler et al., 2004) and E.
siliculosus (Ectocarpus Consortium)) speciﬁes that Rac1 in the brown
algae is prenylated with a farnesyl group. Our work showed that Rac1
membrane localization in S. compressa is important for its function.
Inhibiting farnesylation in S. compressa zygotes with manumycin A not
only caused a disruption to Rac1 localization, but also interrupted actin
localization and developmental events attributed to Rac1/actin func-
tion, which include endomembrane polarization, polarized adhesive
secretion, germination and tip growth. These results provide evidence
that (1) manumycin A is disrupting Rac1 localization, presumably by
inhibiting its farnesylation; and, (2) Rac1 membrane localization
within this lineage is crucial to its function.
One of the major questions related to the role that Rac1 plays in
fucoid development is whether Rac1 is a component of the light
induced signaling pathway that generates polarity. Photopolarization,
the selection of a growth axis in response to light, determines the
orientation of growth, but is separable from growth itself. And before
growth commences, the growth axis is labile. An axis formed by a light
pulse early on can be overridden by a second light pulse from a new
direction. A 2-light photopolarization experiment showed that inhibit-
ing Rac1 localization, by inhibiting farnesylation of new protein,
affected axis selection, but interestingly inhibiting Rac1 activation
had no effect. In manumycin treated zygotes, a statistically signiﬁcant
number were unable to respond to the second light cue. Most of these
affected zygotes developed rhizoids based on the initial light pulse,
likely activated by Rac1 that remained in the membrane. These
zygotes most likely were responding to Rac1 that had been synthe-
sized and farnesylated prior to manumycin addition. These results
suggest that Rac1 may indeed be a component of the polarization
pathway, and that localization and activation are separate events,
consistent with one of two models proposed for how Rho GTPases are
targeted to membranes. Rho-GDI's are a class of protein that regulate
Rho proteins by sequestering them in the cytosol, likely facilitating
the delivery of speciﬁc Rho proteins to target membranes
(DerMerdirossian and Bokoch, 2005). Our data support a model
whereby GDI dissociation factors (GDFs), recruit Rho GTPases from
their cytosolic population (bound with Rho-GDIs) to the membrane,
after which activation (nucleotide substitution) is separately carried
out by a GEF (Boulter and Garcia-Mata, 2010). If this scenario is in play,
inhibiting Rac1–GEF interaction with NSC during photopolarization
would have no effect on Rac1 membrane localization, as Rac1 will be
recruited by a GDF. After NSC is removed, Rac1 can then interact with
GEF and attain an active conformation; so all zygotes will be able to
germinate in response to the new light cue. In this model, membrane
localization is important for polarization, and disruption of membrane
localization will prevent photopolarization.
The alternate model proposes that Rho GTPase recruitment to
membranes and nucleotide exchange are coupled (Wu et al.,
2010). In this scenario, interaction with GEF, which is localized to
the target membrane, both recruits and activates Rac1. So if the
Rac1–GEF interaction is inhibited, both displacement of Rac1 from
its Rho-GDI and activation by nucleotide substitution are also
inhibited. If this mechanism were in play, it is likely that inhibiting
Rac1–GEF interaction with NSC would also inhibit photopolariza-
tion, which was not the case. This alternate model would only be
possible if NSC inhibition in our experiments was not complete.
And yet a third explanation is that a different farnesylated protein,
other than Rac1 is regulating photopolarization.
Although many of the details and complexities of Rho GTPase
signaling are known; how Rho GTPases interact with their reg-
ulatory proteins, the GEFs, GAPs and GDIs, and how they inﬂuence
effector molecules to coordinate the complex responses that direct
a host of cellular events is only beginning to be revealed. GTPase
signaling in representative models from other major multicellular
lineages (metazoans, plants and fungi) are revealing strategies that
have been conserved, and we are now learning how each lineage
has adapted these general molecular tools in unique ways to
generate the complex and diverse organisms we see today. For
example, although plants have many of the same types of GEFs,
GAPs and GDIs as metazoans and fungi, they have also evolved
unique regulators and effectors, prone-type GEFs (Thomas et al.,
2006) and RICs (Wu et al., 2001) respectively, to control actin
dynamics and vesicle trafﬁcking (Nagawa et al., 2010). A more
comprehensive examination of Rho GTPase signaling in strame-
nopiles may also expose regulators and effectors unique to this
lineage.
Within the fungi, S. cerevisiae has 6 different Rho family
proteins, but primarily uses Cdc42 to coordinate polarity establish-
ment (Perez and Rincon, 2010). Plants have as many as 11 ROPs
(Christensen et al., 2003), and in humans 22 genes encode at least
25 Rho family proteins (Wennerberg and Der, 2004), with as many
as 60 GEFs and 70 GAPs regulating their activity (Etienne-
Manneville and Hall, 2002). There seems to be only one Rho
family gene within the brown algae (Cock et al., 2010; Fowler et al.,
2004), which may increase their value as model organisms for
polarity establishment. Here we have a seemingly simple system
regulating polarized growth, with fewer of the complexities and
redundancies associated with the Rho family proteins in other
lineages. With the sequencing of the E. siliculosus genome com-
pleted, we now have the means to identify candidates in the Rac1
signaling pathway and we can test their role in this less complex
system. These advances, combined with the unique aspects of
fucoid development that have long made them such great cell
biology and physiology models, should lead to exciting advances in
our understanding of cell polarity establishment.
Acknowledgments
We thank John Fowler for kindly donating the FdRac1 and
FdRab8 plasmids. This research was supported by the University of
Massachusetts Dartmouth and by a Research Opportunity Award
from the National Science Foundation to W.E.H. and Darryl L. Kropf
IBN 0414089.
References
Alessa, L., Kropf, D., 1999. F-actin marks the rhizoid pole in living Pelvetia compressa
zygotes. Development 128, 201–209.
Bisgrove, S., Kropf, D., 2001. Asymmetric cell division in fucoid algae: a role for
cortical adhesions in alignment of the mitotic apparatus. J. Cell Sci. 114,
4319–4328.
Bisgrove, S., 2007. Cytoskeleton and early development in fucoid algae. J. Integr.
Plant Biol. 49, 1192–1198.
Boulter, E., Garcia-Mata, R., 2010. RhoGDI a rheostat for the Rho switch. Small
GTPases 1, 65–68.
Boureux, A., Vignal, E., Faure, S., Fort, P., 2007. Evolution of the Rho family of Ras-
like GTPases in eukaryotes. Mol. Biol. Evol. 24, 203–216.
Christensen, T., Vejlupkova, Z., Sharma, Y., Arthur, K., Spatafora, J., Albright, C.,
Meeley, R., Duvick, J., Quatrano, R., Fowler, J., 2003. Conserved subgroups and
developmental regulation in the monocot rop gene family. Plant Physiol. 133,
1791–1808.
Cock, J., Sterk, L., Rouze, P., Scornet, D., Allen, A., Amoutzias, G., Anthouard, V.,
Artiguenave, F., Aury, J., Badger, J., Beszteri, B., Billiau, K., Bonnet, E., Bothwell, J.,
Bowler, C., Boyen, C., Brownlee, C., Carrano, C., Charrier, B., Cho, G., Coelho, S.,
Collen, J., Corre, E., Da Silva, C., Delage, L., Delaroque, N., Dittami, S., Doulbeau,
S., Elias, M., Farnham, G., Gachon, C., Gschloessl, B., Heesch, S., Jabbari, J., Jubin,
C., Kawai, H., Kimura, K., Kloareg, B., Kupper, F., Lang, D., Le Bail, A., Leblanc, C.,
Lerouge, P., Lohr, M., Lopez, P., Martens, C., Maumus, F., Michel, G., Miranda-
Saavdera, D., Morales, J., Moreau, H., Motomura, T., Nagasato, C., Napoli, C.,
Nelson, D., Nyvall-Collen, P., Peters, A., Pommier, C., Potin, P., Poulain, J.,
Quesneville, H., Read, B., Rensing, S., Ritter, A., Rousvoal, S., Samanta, M.,
Samson, G., Schroeder, D., Segurens, B., Strittmatter, M., Tonon, T., Tregear, J.,
Valentin, K., von Dassow, P., Yamagishi, T., van de Peer, Y., Wincker, P., 2010. The
Ectocarpus genome and the independent evolution of multicellularity in the
brown algae. Nature 465, 617–621.
Cole, R., Fowler, J., 2006. Polarized growth: maintaining focus on the tip. Curr. Opin.
Plant Biol. 9, 579–588.
R. Muzzy, W. Hable / Developmental Biology 383 (2013) 28–38 37
DerMerdirossian, C., Bokoch, G., 2005. GDIs: central regulatory molecules in Rho
GTPase activation. Trends Cell Biol. 15, 356–363.
Ectocarpus genome consortium. 〈www.genoscope.cns.fr/spip/Ectocarpus-siliculo
sus,740.html〉 (22.06.07).
Etienne-Manneville, S., Hall, A., 2002. Rho GTPases in cell biology. Nature 420,
629–635.
Fowler, J., Vejlupkova, Z., Goodner, B., Lu, G., Quatrano, R., 2004. Localization to the
rhizoid tip implicates a Fucus distichus Rho family GTPase in a conserved cell
polarity pathway. Planta 219, 856–866.
Goldstein, B., Hird, S., 1996. Speciﬁcation of the anteroposterior axis in Caenorhab-
ditis elegans. Development 122, 1467–1474.
Hable, W., Kropf, D., 1998. Roles of secretion and the cytoskeleton in cell adhesion
and polarity establishment in Pelvetia compressa zygotes. Dev. Biol. 198, 45–56.
Hable, W., Kropf, D., 2000. Sperm entry induces polarity in fucoid zygotes.
Development 127, 493–501.
Hable, W., Miller, N., Kropf, D., 2003. Polarity establishment requires dynamic actin
in fucoid zygotes. Protoplasma 221, 193–204.
Hable, W., Kropf, D., 2005. The Arp2/3 complex nucleates actin arrays during zygote
polarity establishment and growth. Cell Motil. Cytoskeleton 61, 9–20.
Hable, W., Reddy, S., Julien, L., 2008. The Rac1 inhibitor, NSC23766, depolarizes
adhesive secretion, endomembrane cycling, and tip growth in the fucoid alga,
Silvetia compressa. Planta 227, 991–1000.
Hable, W., Hart, P., 2010. Signaling mechanisms in the establishment of plant and
fucoid algal polarity. Mol. Reprod. Dev. 77, 751–758.
Huynh St., J., Johnston, D., 2004. The origin of asymmetry: early polarisation of the
Drosophila germline cyst and oocyte. Curr. Biol. 14, R438–R449.
Jaffe, L., 1968. Localization in the developing Fucus egg and the general role of
localizing currents. Adv. Morphog. 7, 295–328.
Jaffe, L., 2005. Marine plants may polarize remote Fucus eggs via luminescence.
Luminescence 20, 414–418.
Kropf, D., Berge, S., Quatrano, R., 1989. Actin localization during Fucus embryogen-
esis. Plant Cell 1, 191–200.
Kropf, D., Maddock, A., Gard, D., 1990. Microtubule distribution and function in
early Pelvetia development. J. Cell Sci. 97, 545–552.
Kropf, D., 1992. Establishment and expression of cellular polarity in fucoid zygotes.
Microbiol. Rev. 56 (2), 316–339.
Lovy-Wheeler, A., Wilsen, K., Baskin, T., Hepler, P., 2005. Enhanced ﬁxation reveals
the apical cortical fringe of actin ﬁlaments as a consistent feature of the pollen
tube. Planta 221, 95–104.
Nagawa, S., Xu, T., Yang, Z., 2010. RHO GTPase in plants. Small GTPases 1, 78–88.
Perez, P., Rincon, S., 2010. Rho GTPases: regulation of cell polarity and growth in
yeasts. Biochem. J. 426, 243–253.
Pu, R., Wozniac, M., Robinson, K., 2000. Cortical actin ﬁlaments form rapidly during
photopolarization and are required for the development of calcium gradients in
Pelvetia compressa zygotes. Dev. Biol. 222, 440–449.
Quatrano, R., 1973. Separation of processes associated with differentiation of two-
celled Fucus embryos. Dev. Biol. 30, 209–213.
Ridley, A., 2006. Rho GTPase and actin dynamics in membrane protrusions and
vesicle trafﬁcking. Trends Cell Biol. 16, 522–529.
Seabra, M., 1998. Membrane association and targeting of prenylated Ras-like
GTPases. Cell. Signal. 10, 167–172.
Serrao, E., Pearson, G., Kautsky, L., Brawley, S., 1996. Successful external fertilization
in turbulent environments. Proc. Natl. Acad. Sci. USA 93, 5286–5290.
Shi, Q., Jackowski, G., 1998. SDS-polyacrylamide gel electrophoresis. In: Hames, B.
(Ed.), Gel Electrophoresis of Proteins: A Practical Approach. Oxford University
Press, NY, pp. 14–26.
Thomas, C., Fricke, I., Scrima, A., Berken, A., Wittinghofer, A., 2006. Structural
evidence for a common intermediate in small G protein–GEF reactions. Mol.
Cell. 25, 141–149.
Vreeland, V., White, J., Epstein, L., 1998. Polyphenols and oxidases in substratum
adhesion by marine algae and mussels. J. Phycol. 34, 1–8.
Weisenseel, M., 1979. Induction of polarity. In: Haupt, W, Fienleib, M. (Eds.),
Encyclopedia of Plant Physiology. Springer-Verlag, Heidelberg, pp. 485–505.
Wennerberg, K., Der, C., 2004. Rho-family GTPases: it's not only Rac and Rho (and I
like it). J. Cell Sci. 15, 1301–1312.
Wu, G., Gu, Y., Li, S., Yang, Z., 2001. A genome-wide analysis of arabidopsis Rop-
interactive CRIB motif-containing proteins that act as Rop GTPase targets. Plant
Cell 13, 2841–2856.
Wu, Y., Oesterlin, L., Tan, K., Waldmann, H., Alexandrov, K., Goody, R., 2010.
Membrane targeting mechanism of Rab GTPases elucidated by semisynthetic
protein probes. Nat. Chem. Biol. 6, 534–540.
R. Muzzy, W. Hable / Developmental Biology 383 (2013) 28–3838
